Fine structure related to different types of atomic arrangements (short-range order, phase separation and quantum dots) was observed in high-spatial-resolution low-temperature photoluminescence (PL) spectra of GaAsInN, GaAsSbN and GaAsInSbN quantum wells (QWs) containing ∼1.5% N and emitting at 1.2-1.3 μm. Using photoreflectance and temperature-dependent PL spectroscopy, we measured the activation energies and band-tail width of localized states, associated with different atomic arrangements, to be 5-66 meV. We found that the emission intensity in these GaAs(In, Sb)N QWs weakly depends on carrier localization and that it is limited at cryogenic temperatures by exciton scattering by N interstitials, while at room temperature it is limited by an intrinsic non-radiative recombination channel having activation energy of ∼60 meV and capture time between 0.01 and 1 ps.
Introduction
The incorporation of small amounts of nitrogen (up to 5%) into III-V materials (GaAs, InGaAs and GaAsSb) leads to anomalously strong reduction of the band gap [1] [2] [3] , which is very attractive for GaAs-based optoelectronics devices operating in the near-infrared spectral range [4, 5] . Arising from specific chemical properties of nitrogen, such as its large electronegativity and small size [6, 7] , the strong reduction of the band gap in such dilute nitride alloys creates an extremely large energy scale for statistical compositional fluctuations or, in other words, wide disorder-induced band tails. The resulting strong electron localization leads to a variety of effects, including enhanced spectral broadening of optical transitions and Stokes shift [8] , the appearance of a so-called Sshape temperature dependence of the photoluminescence (PL) peak position at low temperature [9] , reduced minority carrier diffusion lengths [10] and reduced electron mobility [11] . At the same time the chemical properties and bonding of nitrogen lead to intrinsic non-radiative defects, which are absent in conventional III-V materials [12] [13] [14] [15] [16] [17] [18] . The non-radiative centers, which include N interstitials [15] [16] [17] , As antisites [14] and Ga vacancies [18] , are responsible for strong temperature quenching of the PL of as-grown material and require postgrowth annealing [13] [14] [15] [16] [17] [18] . Both carrier localization and non-radiative defects dramatically affect transport and optical properties of dilute nitrides and need to be controlled for device applications.
Two kinds of dilute nitride structures with nitrogen composition 1-3% are used as active layers for near-infrared applications: one, having band gaps ∼1.2 eV (emission wavelength λ ∼ 1 μm), is tensively strained GaAsN and lattice-matched GaAsInN and GaAsSbN epi-layers having In and Sb compositions below 10% and the other, having band gaps down to 0.8 eV (λ ∼ 1.5 μm), is compressively strained GaAsInN and GaAsSbN quantum wells (QWs) with In and Sb compositions up to 40%. Recently, GaAsInSbN QWs were also used for long wavelength (λ = 1.3-1.5 μm) applications, in which the incorporation of small amounts of Sb (up to 2%) into GaAsInN QWs was used to improve structural uniformity [19] .
It has been shown using high spatial resolution near-field photoluminescence that in GaAsN and GaAsInN epi-layers with band gaps ∼1.2 eV, the strong carrier localization is accompanied by formation of quantum-dot-like composition fluctuations [20] . Such intrinsic quantum dots (QDs) have size ∼15 nm, activation energy ∼30 meV and density ∼100 μm −3 , which imply their spontaneous formation, i.e. phase separation (PS) effects. The existence of QDs suppressing the lateral carrier transport to non-radiative traps can improve luminescent characteristics of dilute nitrides but at present little is known about the formation of intrinsic QDs and their effect on the emission mechanism in long wavelength GaAsInN, GaAsSbN and GaAsInSbN used for light emitting devices. On the other hand, it was found that electronic states of GaAsInN QWs at In composition >20% were greatly affected by short-range order (SRO) nitrogen arrangements, creating discrete band gaps for Ga n In 4−n N (n = 0-4) nearestneighbor environments with energy splitting ∼20 meV [21] .
In this paper, we used high spatial resolution photoluminescence (HSR-PL) spectroscopy to probe QD formation, SRO and PS atomic arrangements and structural uniformity of GaAsInN, GaAsSbN and GaAsInSbN QWs emitting at 1.2-1.3 μm and we apply conventional PL and photoreflectance spectroscopy to study the effect of structural uniformity and carrier localization on radiative process in these GaAs(In, Sb)N QWs. We found a strong suppression of QD formation and dominance of SRO or long-range PS in these QWs. We measured the activation energies and bandtail width of localized states, associated with different atomic arrangements, to be 5-66 meV. We found that the emission intensity in these GaAs(In, Sb)N QWs weakly depends on carrier localization. We show that their emission intensity is limited at cryogenic temperatures by exciton scattering by N interstitials, while at room temperature it is limited by an intrinsic non-radiative recombination channel having activation energy of ∼60 meV and capture time between 0.01 and 1 ps.
Experimental details
In this work we report results on as-grown and annealed GaAsInN, GaAsSbN and GaAsInSbN QW samples having nitrogen composition ∼1.5% and the emission wavelengths at 300 K (λ 300 K ) ∼ 1.2-1.3 μm. While in our preliminary study we have measured several samples of each type, four representative samples, showing characteristic behavior, were chosen for the present study. The samples are GaAsInN1, GaAsInN2, GaAsSbN1 and GaAsInSbN2 QWs, where in sample notation the last number denotes as-grown (1) or annealed (2) sample. The In and Sb compositions for these samples, well thicknesses and references to details of their growth and annealing are presented in table 1. In the quaternary GaAsInN and GaAsSbN QWs, composition of In or Sb was of order 40%. In the quinary GaAsInSbN QW sample, the compositions of In and Sb were 30% and 2%, respectively. The well thickness is 6 or 7 nm. The GaAsSbN sample was grown by metal organic chemical vapor deposition (MOCVD) [22] , while the rest of the samples were grown by molecular beam epitaxy (MBE). The energy gap between ground and first excited states in these QWs was found from photoreflectance measurements (see below) to be ∼100 meV.
The annealing results in strong increase of emission intensity and energy shift. The shift has value 40-60 meV and is blue (red) for In (Sb) containing material. Four GaAs(In, Sb)N QW samples were compared with two reference samples for which the formation of intrinsic QDs was well established. These reference samples are (1) a GaAsN QW sample (N ∼ 1.5%, λ 300 K ∼ 1.0 μm) with thickness of 10 nm, having a dot size (density) of 12 nm (30 dots μm −2 ) and activation energy of 30 meV [20] and (2) an InAs QD sample having λ 300 K ∼ 1.2 μm, dot size (density) of 12 nm (200 dots μm −2 ) and activation energy of 450 meV [23] . The InAs QD sample represents an extreme case of carrier localization in which lateral transport of photoexcited carriers is suppressed and in which only well-defined localized centers (QDs) contribute to emission up to room temperature.
HSR-PL spectra were taken using μ-PL through metallic apertures having diameters 200-700 nm deposited directly on the samples using e-beam lithography. The μ-PL setup consists of an imaging module attached to a 270 mm focal length spectrometer and nitrogen-cooled InGaAs multichannel detector. The self-made imaging module, which enables simultaneous observation of the sample surface and laser spot focused to a diameter of a few μm, includes a microobjective, beam-splitter and Olympus microscope illuminator with a CCD camera. We also used a conventional PL setup with the exciting laser focused on a spot of ∼100 μm. We used an excitation wavelength of 488 nm from an Ar ion laser, with excitation power densities P = 0.1-1000 W cm −2 . Temperature-dependent measurements were performed in the range 10-300 K using a liquid helium flow cryostat. We used Gaussian contour modeling provided by graphic plot Origin software to separate different spectral components and to measure integral intensity of PL bands.
The details of the photoreflectance (PR) technique and the analysis of the PR spectra are previously described [24] . . Solid circles connected by the horizontal line show positions of band gaps of Ga n In 4−n N (n = 0-4) nearest-neighbor SRO arrangements taken from [21] . The lower left image is a plain-view transmission electron microscopy image of GaAsSbN QW.
High spatial resolution photoluminescence spectra
Low-temperature HSR (spatial resolution 200 and 400 nm) spectra of the four GaAs(In, Sb)N QW samples are presented in figure 1. In the upper right inset of figure 1, HSR spectra of the two reference QD samples are shown. We also plot conventional macro-PL (spatial resolution ∼100 μm) spectra above each HSR one. The lower left inset is a plain-view transmission electron microscopy (TEM) image of GaAsSbN QW, revealing phase separation effects in this material. The power density for spectra in figure 1 is ∼50 W cm −2 . For each sample, we have measured few (up to five) different apertures of the same size. For annealed samples (GaAsInN2 and GaAsInSbN2) having high PL intensity at low temperature we were able to use 200 nm apertures, but for as-grown ones (GaAsInN1 and GaAsSbN1) reasonable signals were obtained only for 400 nm apertures. We observed shifts of spectral features of only few nanometers for different apertures, which we attribute to the long-scale fluctuation of the alloy composition. Such fluctuations usually smear out the fine structure of PL spectra at apertures >400 nm. In figure 1 , we show the spectra using only one aperture for quaternary QWs GaAsInN1, GaAsInN2 and GaAsSbN1. For quinary GaAsInSbN2 QW, we present spectra using two different apertures.
In the structurally uniform quinary GaAsInSbN2 QW, a single PL peak having full width at half-maximum (FWHM) ∼8 meV is seen for both apertures. No sharp lines were observed in this sample. A 5 nm difference in peak position for these apertures is clearly seen. In the quaternary QWs GaAsInN1, GaAsInN2 and GaAsSbN1, the PL spectra become broader and the fine structure of the PL bands is resolved. To visualize individual components of this structure and estimate their width, we presented in figure 1 their Gaussian contours. The fine structure consists of several overlapping bands with FWHM 10-30 meV, on which a few sharp lines (FWHM ∼3 meV, indicated by stars in the figure) are superimposed. The observed sharp lines can be related to single N-rich QDs, which are also seen in the reference GaAsN QW sample (see the inset in figure 1 ). The number of lines observed is three for GaAsSbN (at 1246, 1256 and 1272 nm) and one for annealed (at 1212 nm) and as-grown (at 1325 nm) GaAsInN. These are far fewer than those observed in the reference GaAsN sample, which shows ∼10 lines, indicating suppression of QD formation in the quaternaries.
For In-free GaAsSbN1 QW, three bands with width 20-30 meV can be separated in HSR PL spectra. For particular aperture presented, the bands are centered at 1260, 1280 and 1330 nm and we denote them as PS1, PS1 and PS3 respectively. We assign these bands to emission of regions with different Sb compositions, i.e. to PS, as was established by our TEM measurements (see the left lower inset in figure 1 ), in which one-dimensional PS with spatial modulation ∼100 nm along one of {1 1 0} directions was observed.
For the In-containing quaternary samples GaAsInN1 and GaAsInN2, the broad overlapping bands reveal a clear doublet structure with energy splitting ∼10 meV. While a single doublet, denoted NN4a/NN4b, is observed in the GaAsInN2 sample, two doublets centered at 1290 and 1330 nm, denoted NN2a/NN2b and NN1a/NN1b, respectively, are seen in the GaAsInN1 sample. The doublet structure of HSR spectra of GaAsInN2 QWs can be clearly seen in comparison to the GaAsInSbN2 sample having nearly the same spectral position, in which only a single peak is observed. The observation of the single peak in the structurally uniform quinary material gives strong evidence that the doublet structure in the quaternary GaAsInN QWs reflects the fluctuations of well thickness on the length scale 200-400 nm (aperture size). The doublets NN1a/NN1b, NN2a/NN2b and NN4a/NN4b can be related to the following SRO atomic arrangements, i.e. configurations of cations surrounding an isolated nitrogen atom: Ga 3 In 1 N, Ga 2 In 2 N and In 4 N, respectively. This follows from the fact that the energy positions and energy separation between these bands remarkably well agree with the energy positions and energy separations between corresponding SRO bands (also presented in figure 1 ) 6 previously observed in photoreflectance spectra in similar GaAsInN QWs in [21] . Thus in asgrown GaAsInN1 QW, Ga 3 In 1 N and Ga 2 In 2 N SRO atomic arrangements are dominated. Annealing is accompanied by diffusion of nitrogen atoms from Ga to In (see also [25] on the effect of QW interdiffusion) and formation of In 4 N SRO, which results in a 60 meV blue shift of PL spectra in GaAsInN2 QW. Our results using HSR spectra allow us connect a carrier localization in the GaAs(In, Sb)N QWs to specific SRO and PS atomic arrangement, i.e. reveal microscopic origin of carrier localization.
Carrier localization in macro-photoluminescence and photoreflectance spectra
Macroscopically carrier localization is characterized by a Stokes shift, i.e. by offset of absorption and emission peaks, and by a band-tail dispersion. For a random alloy, the bandtail density of states is described by the Gaussian function. A topographical theory of random interface disorder in QWs [26] leads to a universal ratio of the Stokes shift to the exciton absorption linewidth a = 0.553. This ratio follows from statistical properties of the Gaussian random distribution function and reflects the fact that the emission spectrum of the band tail is related to the distributions of heights of local minima, while the optical absorption spectrum is related to the density of local minima itself. In conventional III-V and II-VI semiconductor alloys, the a values were found to be very close to the theoretical value for two orders of magnitude of PL linewidth values [26] and we did not find in the literature the estimation of this value for dilute nitrides.
In figures 2(a)-(d) we present low temperature PL and PR spectra, and in figures 3(a)-(d) we present temperature shift of the PL peak, which we used to measure the carrier localization parameters in our GaAs(In, Sb)N QW.
In figures 2(a) and (b) the PR spectra show the intensity oscillations related to ground (E 0 ) and excited (E 1 ) state QW transitions in the range 0.99-1.15 eV, and the PL spectra show a single peak shifted to lower energies of the E 0 PR resonance. The energy (E 0 ) and width (γ PRLT ) of the ground- state transition was obtained from standard fitting of the PR resonances using the formula from [27] :
where C and ϑ are the amplitude and phase of the line, respectively, and m = 2. The fitting curves are shown by thick gray dashed lines in figures 2(a)-(d) together with the moduli of individual resonances (dashed lines). Accounting for the fact that the main contribution to the photo-modulated signal results from mobile carriers, we assign the energy transitions E 0 determined from the PR spectra to a mobility edge. The energy difference between E 0 and PL peak maxima corresponds to the Stokes shift or activation energy (E ac ). We should point out that since the PL spectra probe the band-tail states filled by photo-excitation, they depend on excitation power. Such band-filling (BF) effects lead to excitation power dependence of E ac . For a power density range from 0.1 to 1000 W cm −2 , the energy shift of the PL peak (− E ac ) at 10 K has values 40 meV for GaAsSbN1, 25 meV for both GaAsInN samples and 3 meV for GaAsInSbN2.
In figures 3(a)-(d), we plot the PL peak shift versus temperature (in the range 10-300 K) together with the mobility edge (E 0 ) and the positions of the fine structure peaks from the HSR PL at 10 K. The latter allow us to see the activation energy for discrete microscopic localized states, related to SRO and PS atomic arrangements. In figures 3(a)-(d) , we also present the results of the analysis of the PL peak temperature shift using the band-tail model of Eliseev [28] . According to this model, the shift of PL peak maxima is described by the expression
where
is the normal temperature dependence of the band gap (Varshni model), σ is a Gaussian dispersion of a band-tail density of states and k is the Boltzmann constant. The above expression is valid for nondegenerate carrier occupation, which does not hold at very low temperatures. According to the band-tail model the PL peak has a 'blue' shift up to temperature T 1 , below which σ 2 /kT > E g (T) − E 0 , and then for T > T 1 it has a red shift. Such a behavior can be observed in the experimental data in figures 3(a)-(d) with T 1 , ranging from 50 K for GaAsInSbN2 to 150 K for GaAsInN1. Note that the experimental data follow the thick solid curves (band-tail model), increasing with increasing temperature to T 1 and then decreasing at higher temperature. The data in figures 3(a)-(d) also reveal the socalled S-shape dependence, which manifests itself by an initial red shift from T = 10 K to temperature T 2 (T 2 < T 1 ), which corresponds to a non-equilibrium carrier population [29, 30] . In figures 3(a)-(d), one can see that T 2 varies from 20 K for GaAsInSbN2 to 100 K for as-grown GaAsInN1. For known E g (T) (see [31] for the GaAsInN QW sample), the dispersion σ (or the band-tail band width γ BTM = 2.35σ ) is the only fitting parameter of the model. The fitting curves E PL (T) and the band gap E g (T) are shown by solid and dashed curves, respectively, together with fitting parameter σ and band-gap parameters α and T 0 in figures 3(a)-(d) . The parameters α and T 0 , having values 0.5 meV K −1 and 260-400 K, were taken from [31] and were then adjusted for each sample to obtain a better fit.
The quantities obtained from the data in figures 2(a)-(d) and 3(a)-(d), i.e. the activation energy (E ac ), the PR (γ PRLT ) and PL (γ PLLT ) FWHM and the band-tail-model width (γ BTM ), are presented in table 2. One can see from table 2 that high structural uniformity of GaAsInSbN2 QW corresponds to E ac value as low as 5 meV, i.e. to weak localization. For the rest of QWs the activation energy is an order of magnitude larger (∼55 meV), so they have strong carrier localization, which results from structural disorder induced by SRO or PS and from interface fluctuations. The quantities related to the bandtail dispersion, i.e. γ PLLT , γ PRLT and γ BTM , are proportional to activation energies in most cases.
For all samples both the PL-peak and band-tail-model widths are much narrower (two-four times) than the width of the PR resonance (γ PRLT /γ PLLT ∼ γ PRLT /γ BTM ∼ 2-4), which is related to BF.
We can connect the weak carrier localization in quinary GaAsInSbN2 QW to improved interface roughness induced by antimony incorporation, uniformity of short-range atomic arrangements and suppression of nitrogen-induced PS, i.e. QD formation. Very weak nitrogen PS in this sample follows from the fact that the observed value of γ PLLT (11 meV) is close to an estimated value of the excitonic PL linewidth for random GaAsN with N ∼ 1.5% (γ randomN ∼ 8 meV) [32] . Note that for pure GaAsN QW, having nitrogen PS, i.e. QDs, the PL linewidth is twice larger (see figure 1 and table 2) . The width of the fine structure peaks in GaAsInN QWs γ HSR-PL ∼ 10 meV indicates suppression of nitrogen-induced PS. In these QWs, the PL width and carrier localization are determined by SRO and interface fluctuations. In GaAsSbN QW, γ HSR-PL ∼ 25 meV and nitrogen and antimony PS coexist and both determine carrier localization.
For GaAsInSbN2 QW, the ratio of Stokes shift to absorption width a = E ac /γ PRLT has value 0.25, which is nearly twice smaller than predicted for random interface fluctuations and which, thus, can manifest dominance of compositional disorder in that material having weak localization. For quaternary GaAsInN and GaAsSbN QWs, having strong localization the ratio E ac /γ PRLT ∼ 0.6 is close to theoretical prediction for interface fluctuations disorder and thus is not sensitive to microscopic origin of compositional disorder (SRO or PS). On the other hand, the band-tail width γ BTM obtained from PL temperature shift seemed to be sensitive to atomic arrangement, and an anomalously small γ BTM value for GaAsSbN1 QW (16 meV) can reflect antimony PS effect in this material.
Our samples representing different localization energies and atomic arrangements were used for measurements of integral PL intensity at different temperatures, which allow us to study effect of compositional fluctuations and non-radiative recombination centers on luminescent properties of GaAs(In, Sb)N QWs. Figures 4(a) and (b) show the dependence of the integral PL band intensity of the four GaAs(In, Sb)N QW samples, and the InAs QD reference sample, in the temperature range 10-300 K for two excitation powers P 1 = 50 and P 2 = 1000 W cm −2 . The intensity is plotted on a logarithmic scale versus reciprocal temperature (Arrhenius plot) and fitted (for QWs) by an expression describing the thermal activation of i non-radiative channels having activation energies E i and capture times τ i [33] [34] [35] :
Emission mechanism
where τ 0 is the radiative lifetime. One can see from figures 4(a) and (b) that for In-containing GaAsInN1, GaAsInN2 and GaAsInSbN2 QWs, the PL intensity decreases The excitation density is P 1 = 50 and P 2 = 1000 W cm −2 , giving a range of capture times from short (at P 1 ) to longer (at P 2 ). b Calculated for radiative lifetime τ 0 = 1 ns.
(a) (b) Figure 4 . The integral intensity of the PL spectra versus temperature (circles, triangles and squares) and an Arrhenius plot fitting (solid curves) for GaAsInN1 (half-filled circles), GaAsSbN1 (inverted triangles), GaAsInSbN2 (squares) and GaAsInN2 (solid circles) QW samples, measured at power density: (a) 1000 W cm in the temperature range 10-300 K by more than order of magnitude for both values of P. One can also see that this decrease (the intensity ratio I 10 K /I 300 K ) decreases with the power density increase, which manifests BF effects. The strongest drop of the PL intensity is observed for GaAsInN2 QW having I 10 K /I 300 K ∼ 5000 at P 1 and ∼500 at P 2 . On the other hand for In-free GaAsSbN1 QW, the intensity ratio I 10 K
/I
300 K is much smaller: ∼30 at P 1 and ∼3 at P 2 . In contrast to dilute nitride QWs, the InAs QDs show negligible temperature intensity changes for both P 1 and P 2 , thus indicating the absence of the contribution of non-radiative channels in the emission process. Table 3 contains E i and τ i values obtained from the fitting. The scattering times τ i were calculated using the averaged value of radiation lifetime τ 0 = 1 ns, obtained from our unpublished time-resolved measurements (see also [36, 37] ) for weakly localized states (E ac ∼ 10 meV). We should also point out that in the band tail (E ac > 10 meV) τ 0 increases with increasing localization energy [34, 35] , which is a result of the decreasing exciton localization volume [38] and which can be partly responsible for excitation power dependence of τ i . For all GaAs(In, Sb)N QWs, two types of channels are obtained. The shallow, S-channel, having E S = 5-8 meV and τ S ∼ 100 ps, is responsible for PL intensity decrease in the range 10-50 K, while the deep, D-channel, having E D = 55-65 meV and τ D ∼ 0.01-1 ps, is responsible for PL intensity decrease at higher temperatures.
As can be seen from table 3, the GaAsInN2 and GaAsInSbN2 samples have the shortest capture times for the D-channel (τ D 1 ps at P 1 ) and the GaAsSbN1 sample has the longest (τ D = 3 ps at P 1 ). This corresponds to nearly an order of magnitude stronger PL intensity of the GaAsSbN1 QW sample at 300 K. This gives strong evidence that the non-radiative defects identified in dilute nitrides, such as N interstitials [15] [16] [17] , As antisites [14] and Ga vacancies [18] , and which are suppressed (increase of τ i ) by annealing (note that GaAsInN2 and GaAsInSbN are annealed samples) do not contribute to the non-radiative channel D. On the other hand, at 10 K the annealed GaAsInN2 and GaAsInSbN2 QWs have much stronger intensity than as-grown GaAsInN1 and GaAsSbN1 QWs, which correlate with expected annealing of the above-mentioned defects.
We suggest that N interstitials, which have the highest density, and which are less sensitive to growth conditions, determine the PL intensity of GaAs(In, Sb)N QWs at low temperature. Since N interstitials are supposed to be deep (E A ∼ 0.4 eV [12] ) they are not activated at the temperatures studied, but they can act as scattering centers, decreasing an exciton localization volume. The exciton localization volume of GaAs(In, Sb)N QWs and, thus, the density of the scattering centers can be determined by comparison of their PL intensity with the intensity of the InAs QD sample, for which exciton localization volume is known (∼300 nm 3 ) [22] . Thus, an order of magnitude lower intensity of the GaAsInN1 sample compared to InAs QD in figures 4(a) and (b) gives exciton localization volume ∼30 nm 3 . This is in a good agreement with the density of N interstitials ∼5 × 10 19 cm −3 found in as-grown GaAsN [16, 17] , which corresponds to localization volume of 20 nm 3 . Two orders of magnitude increase of PL intensity of GaAsInN2 compared to GaAsInN1 show expected annealing of these defects.
Our data show that in order to achieve strong emission efficiency of GaAs(In,Sb)N QWs at room temperature, important for device application, the D-channel must be suppressed. The nature of this channel is not known at the present time and we suppose that it corresponds to some phonon activated process, accounting for the fact that its activation energy is close to the energy of an optical phonon induced by nitrogen [39] . The D-channel can include scattering of the photogenerated carriers by optical phonons, reducing an effective emission volume. Similarly, the S-channel can be attributed to acoustic phonon activation processes, accounting for the fact that its activation energy is close to the acoustic phonon energies and that the capture times of S-and D-channels scale inversely with the activation energy.
In our opinion, phonon-assisted non-radiative mechanisms manifest themselves as enhanced electronphonon interactions in dilute nitride materials, arising from strong lattice distortion induced by the small size of the nitrogen. Some evidence confirming the importance of the contribution of the local lattice distortion and thus on the phonon-assisted mechanisms of the non-radiative channels S and D can be found in the fact that samples having preferential In-N bonds (GaAsInN2 and GaAsInSbN2) have shorter τ D times than samples with preferential Ga-N bonding (GaAsInN1 and GaAsSbN1), and that Sb-free samples have longer τ S times. The dependence of the non-radiative scattering times on bonding and atomic arrangements might provide a way to engineer better emission properties for GaAs(In, Sb)N QW samples.
Conclusion
We report the use of high spatial resolution photoluminescence (HSR-PL) spectroscopy to probe the formation of quantum dots (QDs), short-range atomic arrangements and structural uniformity of GaAsInN, GaAsSbN and GaAsInSbN QWs emitting at 1.2-1.3 μm. We found a strong suppression of QD formation in these QWs, unlike samples emitting at ∼1 μm reported earlier [20] . The quinary sample containing In and a few per cent of Sb appears to be by far the most uniform, in agreement with [19] . We also apply conventional PL spectroscopy and photoreflectance to study the effect of carrier localization (structural uniformity) and the nonradiative centers on luminescence properties of these GaAs(In, Sb)N QWs. We found that the emission intensity in these GaAs(In, Sb)N QWs weakly depends on carrier localization and that it is limited at cryogenic temperatures by exciton scattering by N interstitials, while at room temperature it is limited by an intrinsic non-radiative recombination channel having activation energy and capture time of ∼60 meV and 0.01-1 ps, respectively.
